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Sophorolipids, fully natural glycolipids, can form in water 
nm-size micelles of various geometries depending on their 
concentration as shown by Small Angle Neutron Scattering 
experiments. This property allows using them, for the first time, 15 
as structure directing agent in the synthesis of nanostructured 
silica thin film via the Evaporation Induced Self-Assembly 
(EISA) process. 
Introduction 
Alkylglycosides are a class of natural non-toxic surfactants 20 
whose properties have been largely studied and their 
commercial development is well-established [1]. 
Nevertheless, these industrially-produced compounds are 
generally synthesized by a multitude of chemical steps which 
limit the ideal “full green” approach suitable in the 25 
perspective of material synthesis via sol-gel process [2]. For 
this reason, we turned our interest towards sophorolipids (SL), 
a microbe-synthesized alkylglycoside (scheme 1), as 
structure-directing agent for mesoporous silica obtained via 
the sol-gel process using the well-established EISA [3] 30 
technique for thin film synthesis. Mesoporous materials 
aroused a growing interest because of their tunable and 
narrow pore size distribution and extremely high specific 
surface area [4]. These peculiarities make them ideal 
functionalizable materials for many applications such as 35 
sensing [5], photovoltaic electrodes [6],  filtration [7] and 
catalysis [8]. So far, these materials are almost exclusively 
made with synthetic surfactants employed as structure 
directing agents and which  arise important questions about 
sustainability and toxicity. 40 
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If compared to many other surfactants, SL are entirely 
obtained from renewable agroresources (rapeseed oil, oleic 
acid, carbohydrates) through a robust microbial synthesis with 
abundant production rates (up to 300-400 g.L-1); for this 55 
reason, they have mainly attracted the attention of the 
cleansing industry (they can be found in Ecover© biobased 
products) even if recent studies showed the existance of 
interesting supramolecular assemblies [9c]. Their synthesis 
conditions, sources and applications have been recently 60 
reviewed by Van Bogaert et al. [10]. Despite the potential 
interest for these compounds in dermatology [11] and health 
care [12] (more than 40 patents have been deposited on their 
synthesis and applications [13]), their self-assemblying 
properties in solution have only been partially explored [9c] 65 
and their behaviour at the mesoscale level is still largely 
unknown. So far, they have never been used as structure 
directing agents. 
In this work, the acidic form of sophorolipid molecule (simply 
referred to as: SL) as shown in scheme 1 is synthesized from 70 
glucose and oleic acid substrates using the yeast Candida 
bombicola (see experimental part in ESI). We show here that, 
in water, such molecules can form micellar aggregates of 
various shapes depending on their concentration and thus can 
be successfully exploited as structure-directing agents (SDA) 75 
for the synthesis of nanostructured silica thin films. [14]. 
Scheme.1 Sophorolipids are commonly obtained from the culture 
broth of the yeast Candida bombicola. The acidic form of SL used in 
this work is obtained after processing the sophorose mixture (see 
experimental part). 
  
 
Results and discussion 
Self-assembly of SL 5 
Considered that very little is known about the self-assembling 
behavior of SL in water, we decided to investigate this point 
by mean of Small Angle Neutron Scattering (SANS) 
experiments performed on the SL in D2O. The knowledge of 
the optimal self-assembling conditions of SL are of paramount 10 
importance for their best employment in the synthesis of 
mesostructured silica thin films, as shown later.    
SANS is an extremely powerful technique which is generally 
used to study the shapes, size, volumes and specific surface 
areas of colloids in general and surfactant-derived micelles in 15 
particular. According to the SANS theory (see ESI), the main 
contributions to the intensity I(q) come from the volume of 
the objects, their volumetric fraction, the contrast with the 
solvent, the form factor (related to the geometry of one 
scatterer) and their structure factor (related to their 20 
organization in space). In general, at low concentration values 
(indipendent objets with no mutual interactions), one can 
assume that the structure factor is equal to 1 and the form 
factor alone (well-known for simple objects like spheres, 
cylinders, etc) can be fitted to retrieve information on the 25 
shape of the micelle and its dimensions. In alternative, one 
can look more closely at the different parts of the SANS data 
set: 1) the low-q part of the curve gives some insights on the 
overall size (Guinier regime) and the geometrical features of 
the micellar object by looking at the slope (0, -1, -2 30 
respectively for spheres, cylinders, disks); 2) the high-q 
region (Porod regime) is, on the contrary, more sensitive to 
the type of solvent/colloid interface (smooth, as in spheres, or 
fractal, as in polymer brushes) and to its dimension (cross-
section). 35 
Fig.1 shows the variation of the absolute scattered intensity 
normalized by the concentration, I(q)/c, at different SL weight 
percentage concentrations prepared at their equilibrium pH (~ 
4.5). As a general comment, we can say that the typical log(I) 
vs. log(q) plot represantation of our SANS data indicates the 40 
existence of micellar objects of different geometries, as 
represented on the Fig.1 itself. Low-q: the slope variation 
shows an evolution in the shape of the micelles as a function 
of concentration, as schematically represented in the inset of 
Fig.1. Interestingly, no specific correlation peak is observed, 45 
as one would expect at high concentration values; we will 
come back on this point later on in the discussion. High-q: 
superposition of the spectra in the region shows that the cross-
sectional dimension of the micellar objects does not 
consistently vary with concentration, as previously observed 50 
in similar glycolipid systems [15]. A more detailed analysis 
follows. 
SL concentration < 1 w%. In this regime, micelles can be 
considered as non-interacting monodispersed objects, whose 
form factor can be fitted with a spherical particle model (see 55 
Fig.S1), which results in objects with a radius, R= 2.8 ± 0.2 
nm, as further confirmed by Cryo-TEM experiments (Fig.S2 
A). The micellar radius can also be estimated from the radius 
of gyration, RG, obtained from the Guinier plot, ln(I(q)) vs. q2 
(see eq.S1) at low-q. This approach is based on the following 60 
two assumptions: the inter-micellar interaction is minimal, 
and the contribution of SANS intensity from large aggregates 
in the q region under interest is negligible (qR< 1). These 
hypothesis are verified here for q < 0.04 Å−1. At c= 0.5 w%, 
R= 3.1 ± 0.3 nm which is consistent with the value obtained 65 
above. Very interestinly, these values are also fully consistent 
with the R= 2.8 nm, which was obtained by Gross et al. [9c] 
after Dynamic Light Scattering (DLS) measurements, which, 
on the contrary, do not provide the exact micellar geometry. 
From the analysis of the I(q).q4 values at high-q (porod 70 
regime, eq. S2), some complementary information can be 
obtained about the total surface area per unit volume, SV, 
exhibited by the micelles. A simple calculation gives an 
estimated SV= 600 ± 50 m2/cm3 and an aggregation number of 
about 50 SL molecules per micelle, if one estimates the 75 
volume per molecule to about 950 Å3 (see notes). Despite the 
lack of information about the exact configuration of the SL 
molecule in solution and, consequently, its real volume, these 
values appear to be self-consistent and coherent with an 
homogenous distribution of about 5.1018 SL molecules.cm-3 80 
(at c= 0.0048 g.cm-3) into spherical micelles having an 
average radius of 3.0 nm. 
SL concentration  1 w%. In this regime, the slope at low-q 
(Fig.1) increases and micelles are no-longer spherical. At c= 5 
w%, a cylindrical model can be used to fit the form factor (see 85 
fig.S1). Typical values for the cross-sectional radius are 1.6 ± 
0.3 nm. At c   10 w%, the slope at low-q increases up to -1.6 
(inset in Fig.1). These data show that the attribution of a 
defined shape is here an harsh task and a more appropriate 
model accounting for the whole q-range should probably be 90 
employed, as reported in typical SANS studies for similar 
systems [15]. Nevertheless, even if the aggregation behaviour 
of SL has never been studied before, many studies exist for 
similar alkyl-glucosidic systems. For instance, Zhang et al. 
[15] report on the study of n-alkyl-b-D-glucopyranosides in 95 
water, Milkereit et al. [16] have studied oleic oil based glyco-
surfactants and Dahrazma et al. [17] studied the micellization of 
rhamnolipids as a function of pH. If we compare our data to 
these and other similar studies [15a, 18], we find a fairly good 
correlation between the SANS behaviour both in the high-q 100 
Figure 1 – a) SANS curves of SL in D2O at variable concentrations 
and at SL equilibrium pH (~4.5). I(q), given in absolute scale (cm-1), 
is scaled by the w% concentration of the SL in solution. Inset: 
schematic evolution of slopes in (a) for 0.015 < q < 0.04.  
and low-q regions. In general, alkylglucoside surfactants have 
the tendency to form both spherical and cylindrical objects 
according to the specific head-to-tail geometry, the 
concentration, c, in solution and the presence of a co-solvent. 
In our case, micelles are spherical at low c while they start to 5 
elongate from c> 0.5 w%. Isolated rigid rods would provide a 
-1 slope, while slopes between -1 and -2, as it is the case here, 
have been reported for long flexible cylindrical micelles 
[15,16]. Such a detailed analysis is extremely important for 
the better understanding of the self-assemblying properties of 10 
SL in solution as it completes the previous study from Gross 
et al. [9c]; in fact, authors reported on the formation of both 
micellar and micrometer-sized supra-molecular assemblies as 
a function of pH and concentration. Despite the Small Angle 
X-ray Scattering  (SAXS) and DLS analysis, no clear-cut 15 
answer could be provided on the shape of the micelles.  
Further proof of the cylindrical shape of the micelles is 
provided here by cryo-TEM experiments shown in Fig.S2 
B,C. 
Mesoporous thin film synthesis from SL. 20 
The information obtained from the SANS study can be 
exploited in the synthesis of mesoporous thin films  via the 
EISA process [3], where SL are used as a template. These 
experiments have been performed at c= 10 w%, which 
combines a good wettability of the film and which should 25 
provide flexible cylindrical micellar aggregates. 
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Fig.2-a shows the typical SAXS pattern of a SL-templated 
film. The presence of a broad peak at q= 0.13 Å-1 (d= 4.83 
nm) indicates the existence of a porous network typical for a 
wormlike structure, as confirmed by Transmission Electron 
Microscopy (TEM) in figure 2b. Interestingly, such an 65 
arrangement of the pores is consistent with SANS 
measurements shown earlier and which suggested the 
presence of long cylindrical flexible micelles. The 
repeatability of the experiment has been tested several times 
without significant changes in the pore arrangement.  TEM 70 
image (Fig. 2b) shows a pore diameter of 2.4 ± 0.2 nm, which 
is a value coherent with the interporous distance measured by 
SAXS. We actually found that the porous morphology and 
dimension can be tuned by changing the pH of the SL 
solution. In fact, the SL molecule contains a COOH group at 75 
the end of the hydrocarbon chain and which provides a pH-
responsive probe. Fig. 2-c,d compares TEM micrographs of 
the mesoporous thin film prepared from two solutions 
stabilized at an acidic (2 < pH < 3) and a neutral pH (pH= 
6.5). When pH is raised close to neutrality (Fig.2-d), a more 80 
elongated porous geometry can be observed. In fact the 
mesostructure seems to be composed by stacks of disk-like 
pores having an average length of ≈ 25 nm and an estimated 
thickness of 4.5 ± 0.8 nm.  
 85 
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Figure 2 – SAXS pattern (a) and TEM images (b,c) of a 10 w% SL-templated dip-coated mesoporous silica film. d) TEM image of a 10 w% SL-templated 
porous silica film obtained at from a neutral-pH solution (pH= 6.5). Both films are calcined at 350°C for 1 hour before measurements.   
  
 
Such a particular pore organization is also confirmed by the 
Fourier Transform of the image as shown in the inset of Fig. 5 
2d. This analysis reveals the presence of an anisotropic signal 
which is due to a coherent aligment of the pores. The strong 
influence of pH on the self-assembling behavior of SL in 
water is also confirmed by SANS experiments, as shown in 
Fig.3. At pH= 6.5, where COO- species should be 10 
predominant, and for concentration values c  2 w%, an 
interaction peak centered at about q= 0.06 Å-1 (about 10 nm) 
dominates the SANS signal. This shows that micellar objects 
are now regularly spaced and their interaction is strong. 
Further experiments are on-going to clarify the influence of 15 
pH on the self-assembly properties and on the morphology of 
the porous structure. 
 
 
 20 
 
 
 
 
 25 
 
 
 
 
 30 
 
 
 
 
Conclusion 35 
In conclusion, we show here a direct application of 
sophorolipids, a microbially produced, bio-engeneerable, 
glycolipid, in the synthesis of mesostructured silica thin films. 
Sophorolipids are able to form pH-responsive nanometer-
sized micelles with spherical and worm-like shapes in water 40 
as a function of their concentration and they reveal to be 
suitable alternatives to common petrochemical surfactants in 
the structure-directing agent process of inorganic materials. 
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Calculation of SV and aggregation number. SV is readily calculated 
from the I(q)q4 plot from eq. S2, while the aggregation number can be 75 
estimated from SV, the micellar radius obtained from the Guinier analysis, 
the density of the SL (= 1.092 g cm-3), the atomic weight of the acidic SL 
(622 g mol-1) and the irradiated volume (0.98 cm3, considering a 0.2 cm 
quartz cell, where the beamsize is 0.7 x 0.7 cm). The volume of one SL 
molecule (950 Å3) is estimated from its density and molecular weight. 80 
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